Introduction
All insects develop a segmented germ band, but the context of germ band development is very different in different insect lineages. In many insects, segments are generated after cellularisation, with the more posterior segments being added sequentially, through a process of terminal growth. This so-called short germ mode of development is seen in all of the basal, hemimetabolous orders, and in some holometabolous insects, including some beetles. Most holometabolous insects, however, form their segments almost simultaneously, with much of the patterning that underlies segment specification occurring while the egg is still a multinucleate syncytium. This socalled long germ mode of development is characteristic of the group of higher flies called cyclorrhaphans, and is best understood in Drosophila. However, it is also seen in some beetles, in Hymenoptera and in Lepidoptera. It has probably evolved several times, in response to pressure to speed up embryogenesis.
The situation is somewhat variable in the more basal lineages among the Diptera, i.e. among the paraphyletic grouping generally referred to as the Nematocera. The relationships of nematoceran lineages are not well resolved, but the mosquitoes probably represent an independent derivation of extreme long germ development from that seen in Drosophila and other cyclorrhaphans (Goltsev et al., 2004) . Their embryogenesis is also derived in other respects -for example, in the expression of the serosal marker zerknüllt (zen) . In contrast, some of the midges, including those likely branching near the base of the higher flies, appear to retain a semi-long mode of germ band formation, with one or more segments added to the germ band after gastrulation (Rohr et al., 1999) , and a more ancestral organisation of the extra-embryonic membranes. The moth midge that we study here, Clogmia albipunctata, is a representative of one such lineage. It may therefore provide a valuable point of comparison, both with the mosquitoes, and with the cyclorrhaphan flies, that have been studied in more detail.
The genetic mechanisms that directly generate segment (and parasegment) boundaries appear to be conserved among the insects, and probably more broadly across the arthropods (Patel, 1994) . They are mediated by segment polarity genes such as engrailed (en) and wingless (wg), and involve cell-cell communication through signalling networks, as is typical of patterning in a cellular environment. However, the network of regulators upstream of the segment polarity level appears to be less well conserved. Each insect group that has been studied has evolved its own peculiarities. For example, the initiation of the segmentation process depends on different maternal factors in flies, wasps and beetles (Brent et al., 2007; Driever and Nüsslein-Volhard, 1988; Lynch et al., 2006a; Olesnicky et al., 2006; Olesnicky and Desplan, 2007; Schröder, 2003) . At the next levels down in the hierarchy, different species utilise an overlapping but distinct set of gap and pair-rule genes to pattern the embryo (Lynch, 2007; Peel, 2008) . These aspects of segment patterning are poorly understood in most insect groups. This present paper is concerned with the organisation and evolution of this gene network within the Diptera, and focuses primarily on the level of the gap genes, and their interaction with the pair-rule system.
In Drosophila, the gap gene system is essential for establishing the first segmental pre-pattern along the antero-posterior (AP) axis of the embryo (Hulskamp and Tautz, 1991) . The gap genes encode transcription factors that are expressed in broad overlapping regions of the embryo . This non-repetitive pattern provides a series of unique transcriptional cues at specific positions along the AP axis, which are interpreted by stripe-specific elements in the enhancers of the pair-rule genes, to generate a repeating pattern of seven stripes of transcription, spaced at double-segment intervals Reinitz and Sharp, 1995; Small et al., 1991) . Combinations of these pair-rule gene products then regulate the segment polarity genes in every segment.
Gap gene expression is initiated in broad regions of the embryo by maternally provided gene products including Bicoid (Bcd), Hunchback (Hb), Caudal (Cad), and the terminal Torso (Tor) signalling cascade (St. Johnston and Nüsslein-Volhard, 1992) . In addition to these activating inputs, transcriptional cross-repression between gap genes is required to precisely position their expression domains (Clyde et al., 2003; Jäckle et al., 1992; Jaeger et al., 2004a) . It has been proposed that the basic, staggered arrangement of the gap domains is due to interactions between pairs of genes with mutually exclusive expression patterns, i.e. hb/knirps (kni) and Krüppel(Kr)/giant(gt) (Clyde et al., 2003; Jaeger et al., 2004a; Kraut and Levine, 1991a) . In addition, there is weaker repressive cross-regulation between gap genes with overlapping expression domains (Jaeger et al., 2004b) , and expression of hb, Kr, kni and gt is repressed in the unsegmented pole regions of the embryo by the terminal gap genes tailless (tll) and huckebein (hkb).
The gap gene network is not completely conserved among insects, even though homologous genes are generally present (Peel, 2008) . Data from a range of insects suggest that gap genes were recruited into segmentation patterning in a piecemeal manner, and that the organisation of the gap gene system became more complex in the more recently derived holometabolans (Brent et al., 2007; Bucher and Klingler, 2004; Cerny et al., 2005; Liu and Kaufman, 2004a,b; Lynch et al., 2006a,b; Marques-Souza et al., 2008; Mito et al., 2006 Mito et al., , 2005 .
It is unclear to what extent the gap gene network varies within the Diptera. Maternal regulatory inputs to gap genes show some variability among cyclorrhaphan flies. Although the maternal Bcd gradient and maternal expression of cad are present in most lower cyclorrhaphan species Stauber et al., 2008 Stauber et al., , 2000 , there is no maternal hb in the hover fly Episyrphus balteatus (Lemke and SchmidtOtt, 2009) , and no maternal cad expression in the scuttle fly Megaselia abdita . Moreover, tephritid fruit flies show maternal expression of orthodenticle (otd), which is only zygotically expressed in the other cyclorrhaphans studied so far (Lemke and Schmidt-Ott, 2009; Schetelig et al., 2008) . Zygotic hb expression is conserved among cyclorrhaphans (Stauber et al., 2000) , and the activation of zygotic hb by Bcd is present in Megaselia, Episyrphus and Drosophila (Lemke et al., , 2010 . Within the genus Drosophila, and in some other closely related cyclorrhaphans, the expression domains of the gap genes are well conserved (Bonneton et al., 1997; Gregor et al., 2008; Lukowitz et al., 1994; McGregor et al., 2001; Sommer and Tautz, 1991; Treier et al., 1989; Wratten et al., 2006) .
The only information available for lower dipterans comes from the mosquito Anopheles gambiae (Goltsev et al., 2004) , and from an earlier description of hb and Kr expression in Clogmia albipunctata (Rohr et al., 1999) . The data for Anopheles show interesting differences when compared with Drosophila. For example, the relative positions of the posterior domains of gt and hb appear to be reversed with respect to those seen in Drosophila. This implies changes in gap-gap cross-regulation and regulation of the pair-rule gene eve in that region of the embryo (Goltsev et al., 2004) . It is not known if the deduced gap gene interactions in the mosquito are ancestral for the Diptera or if they are derived.
In this paper we describe the gap genes of the nematoceran fly Clogmia albipunctata, a moth midge. We analyse the expression pattern of the trunk gap genes hunchback (Calb-hb), Krüppel (Calb-Kr), knirps (Calb-knl) and giant (Calb-gt), and the terminal genes tailless (Calb-tll) and huckebein (Calb-hkb) during embryonic development in Clogmia, focusing on the last mitotic cycle before cellularisation and very early gastrulation. We compare the boundaries of gap gene expression with the positioning of pair-rule stripes, using even-skipped (Calb-eve) as the marker, to assess whether regulatory interactions in Clogmia may be similar to those defined in Drosophila.
Materials and methods

Clogmia albipunctata culture and embryo collection
The flies used in this work came from the culture maintained by Dr. G. Bucher at the Department of Developmental Biology, Georg August University, Göttingen.
This culture was originally established from flies collected in Turkey by Klaus Sander (Rohr et al., 1999) . Cultures were reared at 25°C in a room maintained at 80% relative humidity and with a light/ dark cycle of 14/10 h. Larvae, pupae and newly emerged adults were kept in covered round 90 mm Petri dishes with moist cotton wool and dried nettle (Urticae folia) powder. Distilled water was added until the nettle had a mud-like consistency. Larval plates were fed with 200 mg of nettle powder every other day, and 1-2 ml distilled water was added if needed to keep cultures moist.
For egg collection, flies emerging during a 24 h period were collected in plastic culture bottles with PBS-soaked cotton wool at the bottom and kept for a further two days at 25°C to allow ovary maturation. Eggs were obtained from 2 to 3-day old flies by abdominal dissection after CO 2 knock-down. Mature ovaries were placed in a glass dish containing ovary saline solution (Midsukami, 1979) to avoid premature egg activation and the eggs were freed from the ovaries and other connective tissue. Once the desired number of eggs had been collected, they were transferred to distilled water to activate them by osmotic shock, as previously described for the related species Psychoda cinerea by Sander (1985) . Embryos were left to develop until the desired stage in a covered Petri dish on moist filter paper at 25°C.
Even though embryo development occurs fairly synchronously after osmotic egg activation, we have observed within-batch and batch-tobatch variation in embryos of the same nominal age. Morphological comparisons between live imaging and fixed, stained embryos indicate that within-batch variation was at least ±10′ and batch-to-batch variation was higher, at least ±15′. Wherever possible, we used morphological markers and the eve expression pattern (which changes very rapidly) to confirm embryo age by visual inspection.
Fixation and devitellinization
Embryos of the desired stage were collected into a 74 μm mesh basket. Dechorionation was performed with 50% sodium hypochlorite solution (final chlorine concentration 2%) (Sigma, 4% chlorine available) for 45 s and then washed thoroughly with distilled water. After the last wash the mesh basket was blotted on absorbent paper and embryos were left to dry on the filter for 45 s, and then transferred to a 1:1 mixture of 8% formaldehyde in PBS/heptane and fixed for 30 min on a rocking shaker. Afterwards the fixative was removed and the embryos were washed 3 times in PBT. To weaken the vitelline layer the fixed embryos were incubated in 1 ml of 1 μg/ml proteinase K in PBT for 1.5 h at 37°C on an orbital shaker at 110 rpm. After proteinase K treatment embryos were washed 3 times with PBT and 3 times with PBS to remove all traces of Tween-20 detergent. All the liquid was removed and a 1:1 mixture of heptane and methanol was added. Embryos were shaken gently and all the embryos that sank were transferred into a new tube. This step was repeated two more times with harder shaking to devitellinise the majority of embryos. Devitellinised embryos were washed in methanol three times and stored at − 20°C until used.
Gene cloning
Fragments of the genes Calb-knl, Calb-gt, Calb-tll and Calb-hkb were obtained by degenerate PCR amplification, followed by RACE extension and full-length amplification. cDNA obtained from embryo total RNA was used as template for amplification.
Degenerate primers were designed either manually or using the CODEHOP algorithm (Rose et al., 2003 (Rose et al., , 1998 . All genes were cloned into the pGem-T-Easy vector (Promega). Fragments of Calb-hb, CalbKr, and two even-skipped genes, Calb-eve1 and Calb-eve2, had been cloned previously (Bullock et al., 2004; Rohr et al., 1999) . Primers successfully used to amplify the gap genes are shown below:
In situ hybridization Whole mount in situ hybridisation (ISH) was performed based on the method published by Tautz and Pfeifle (1989) with minor modifications. Briefly, embryos were hybridised against antisense probes labelled either with digoxigenin, fluorescein or biotin. For double ISH probe detection was done sequentially with alkaline phosphatase conjugated antibodies, using NBT-BCIP (Roche) and then Fast Red (Sigma) substrates. Antibody removal between probes was done by incubation in glycine solution pH 3 for 10 min. Fluorescent ISH was done following the protocols of Kosman et al. (2004) and Rafiqi et al. (2008) . In some ISH we used the Tyramide Signal Amplification TSA (Invitrogen) to improve the signal. Probes for ISH were synthesised from plasmid using T7, T3 or SP6 RNA polymerases (Roche). Fragments used to prepare probes were between 500 bp and 3 kb. Calb-hb and Calb-zen plasmids were kindly provided by Dr. Schmidt-Ott.
After probe detection, embryos were progressively dehydrated in glycerol and mounted in 90% glycerol for bright field microscopy.
Results
Clogmia development
The Clogmia life cycle takes about 3 weeks at 25°C from oviposition to adult emergence. Adults mate shortly after their emergence from the pupal case, but females are not ready to lay eggs until about three days (56-60 h) after mating. Near-synchronous populations of developing embryos can be obtained by dissecting the eggs from ripe ovaries and activating the eggs by osmotic shock (Sander, 1985) . The blastoderm is formed 3 h after egg activation (AEA), when nuclei reach the egg surface. There are four synchronous superficial mitoses, with the last one occurring at 5 h 15′ AEA. Cellularisation begins shortly after this mitosis, and is apparently completed by 6 h 45′ AEA. Gastrulation starts shortly thereafter ( Fig. 1 ; Table S1 in Supplementary Material and Supplementary Movies).
The period from 5 h15′ to 6 h 45′ is analogous to the long mitotic cycle 14A of the Drosophila embryo, but we have not been able to determine the number of mitotic cycles that take place within the yolk in Clogmia, and so cannot say for certain what cycle number this is. We refer to it below as the last Mitotic Cycle Before Gastrulation (last MCBG).
Clogmia has two distinctive extra-embryonic membranes, as previously described by Rohr et al. (1999) : 1) the serosa that is specified dorsally and grows ventrally (Figs. 1D-E); and 2) the amnion that covers the ventral side of the embryo. At the blastoderm stage the cells that will form the serosa are already demarcated by the expression of the serosal marker zerknüllt (zen) (Stauber et al., 2002) . Calb-zen is expressed dorsally from the anterior tip to about 24% egg length ( Fig. 2A ).
Isolation and identification of gap gene homologues
We have cloned genes homologous to the Drosophila gap genes kni, gt, tll and hkb from the midge Clogmia albipunctata (GenBank accession numbers: GU137321, GU137322, GU137318, GU137320, and GU137319), and extended a previously published fragment of the gene Calb-Kr (Rohr et al., 1999 ) GU137323). Degenerate PCR and RACE extension did not suggest the presence of more than one homologue for gt, tll, hkb or Kr. In the case of kni, we identified two genes encoding proteins of the knirps family (see Supplementary Figs . S1 and S2). In Drosophila there are three members of this family: kni, knirps-related (knrl), and eagle (ea; also called egon, eg). According to the phylogeny of the steroid receptor superfamily, ea was the ancestral gene and knrl derived from it (Detera-Wadleigh and Fanning, 1994; Laudet et al., 1992) . Drosophila kni probably originated as a later duplication from knrl, as it lies immediately adjacent to it in the genome, and the two genes share a very similar expression pattern (Gonzalez-Gaitan et al., 1994) . On the basis of sequence similarity, we refer to our Clogmia homologues as Calb-eagle (Calb-ea) and Calb-knirps-like (Calb-knl). In phylogenetic trees (Fig. S2 ), Calb-ea clusters clearly with the ea genes of Drosophila and Tribolium, and is presumably their orthologue. Calb-knl clusters with the knrl/kni genes of Drosophila and Tribolium. Drosophila melanogaster and D. pseudoobscura kni are positioned together in a separate long branch. We suggest, that Calb-knl is the orthologue of both kni and knrl in Drosophila, and that the duplication that generated these two Drosophila genes, occurred after the separation of the Clogmia and Drosophila lineages, but the kni genes have evolved particularly fast.
General characteristics of gap gene expression
Calb-hb, Calb-Kr, Calb-knl, Calb-gt and Calb-tll are all expressed in restricted domains along the AP axis of blastoderm stage Clogmia embryos ( Fig. 2 ), suggesting that they may function as gap genes during segment formation. Initial gap gene expression can be detected by 5 h AEA and the expression patterns refine as the last MCBG progresses (Fig. 3 ). In addition, Calb-hb is expressed dorsally, in the presumptive serosa, largely overlapping with the expression domain of Calb-zen, but extending only to about ∼34% EL (0% meaning the posterior pole; Figs huckebein: Calb-hkb is not detectably expressed in the blastoderm (Figs. S3A and B). Our probe does, however, detect Calb-hkb expression later, during germ band extension, in a segmentally repeated pattern of discrete spots at both sides of the midline (Figs. S3C and D). The expression is restricted to the ectoderm and probably corresponds to expression in the neuroectoderm. This pattern is similar to that of Drosophila hkb at an equivalent developmental stage (McDonald and Doe, 1997) . The germ band expression pattern plus our sequence analysis suggest that the gene we have cloned is indeed a hkb orthologue (Bronner et al., 1994) (Fig. S4) . We conclude that this Calb-hkb gene is unlikely to function as a gap gene in the Clogmia embryo.
hunchback: Our expression data for Calb-hb confirm and extend the observations of Rohr et al. (1999) , (Figs. 2B, 3A-C and Fig. S5 ). Calb-hb zygotic transcription can be detected by 4 h 30′ AEA in the anterior half of the embryo, before the other gap genes are expressed (Fig. S5A) . As the pattern matures, this anterior domain resolves into two lateral bands and a ventral stripe, as well as persistent serosal expression. A posterior Calb-hb domain appears at the onset of gastrulation, as a patch of expression near the terminal part of the embryo (Figs. S5D and E).
Krüppel: Calb-Kr is expressed in a single domain near the central region of the embryo. In contrast to the pattern described by Rohr et al. (1999) , we did not observe splitting of this central domain into two stripes in the late blastoderm, but rather a weakening of the expression in the anterior part of the domain (Fig. 2E ). In the most dorsal (zen expressing) tissue Calb-Kr expression fades during the last MCBG (Fig. 2E , see also Figs. 3F and S6B). In addition, two anterior sub-terminal spots of Calb-Kr expression appear towards the end of the blastoderm period, at about 6 h 40′ AEA. These spots are localised in the lateral regions and do not extend to the dorsal and ventral surfaces (Figs. 2E and 3F ). The anterior Kr domain in Drosophila seems to be required for development of the stomatogastric nervous system, but does not have a gap gene role (Gonzalez-Gaitan and Jackle, 1995) .
knirps-like: Calb-knl has two broad expression domains in the blastoderm, a pattern similar to those of kni and knrl in Drosophila. The anterior Calb-knl domain is located in the cephalic region and appears later than the posterior domain (Figs. 3G-I ). Ventrally, this domain is V-shaped with the pointed end towards the anterior (Fig. S6C) . The posterior domain is located in the abdominal region, posterior to the Calb-Kr domain, forming a band around the ventral and lateral regions of the embryo. There is no dorsal expression (Fig. S6D) .
giant: Clear Calb-gt expression can be detected after the last blastoderm mitosis, at about 5 h 20′ AEA. The initial pattern appears as a broad anterior domain in the cephalic region that progressively resolves into three well defined stripes, two lateral and one ventral (Fig. 2D) . The more posterior stripe is located at 68-61% EL. A A) 6 h AEA. The last mitosis before gastrulation has already occurred, and cellularisation is underway; the membrane front (Mf, black line) between nuclei has reached halfway to the yolk (yk, white line). The white line indicates the border between the periplasm and the yolk. B) 6 h 45′, the membrane front has reached its maximum depth and is now in close proximity to the yolk; gastrulation is about to start. The dashed line shows the area that will form the presumptive serosa (compare with Fig. 2A ). C) 7 h 20-30′ AEA. Early gastrulating embryo, onset of the presumptive serosa formation at the dorsal side of the egg. The presumptive serosa will move towards the ventral side in both directions to cover the whole germ band (thick arrows). The ventral blastoderm thickens in the central region as the mesoderm is internalised (thin arrows). D) 10 h AEA, extending germ band (Gb) stage embryo. The serosa (Se) at this stage is growing from the dorsal side towards the ventral surface. The amnion is in close contact with the embryo covering the ventral surface of the germ band but cannot be clearly identified because it forms a very thin layer. E) Magnification of box in D, the serosa folds (arrows) during its extension towards the ventral surface.
posterior domain first becomes visible at 5 h 20-30′ AEA, spanning from 35% to 10% EL (Fig. 3J) . Expression in this posterior domain always remains weak. It fades progressively, and is no longer detectable well before gastrulation (Figs. 2D and 3K and L) . The weak posterior Calb-gt expression overlaps with the posterior Calb-knl domain.
tailless: Calb-tll expression can be detected first in the posteriormost 12% of the embryo at about 5 h AEA (Fig. 3M) . A pair of anterior lateral domains become visible in the cephalic region, at about 6 h AEA (Fig. 3O) . The anterior expression forms two triangular domains in the lateral regions of the embryo; the ventral and dorsal surfaces do not express Calb-tll (Fig. 2F) .
Gap gene expression domains shift over time
The Clogmia gap genes Kr and knl are initially expressed more posteriorly than their homologues in Drosophila. Their expression domains show a significant synchronous anterior shift as the last MCBG progresses (Figs. 3 and 4 ; Table S2 ; see also Fig. S7 ).
The expression domains of Calb-Kr, Calb-knl and Calb-tll initially overlap extensively, and all extend to the posterior pole of the egg (Fig. 4) . Shortly after the last mitotic division (5 h 30′ AEA), Calb-Kr has retracted from the posterior pole, and is now expressed from about 16 to 42% EL (Figs. 4A and D) . Calb-hb is expressed immediately anterior to Calb-Kr, overlapping with it, and extending from 38% EL to the anterior tip of the embryo (Fig. 4A) . Calb-knl is expressed posterior to Calb-Kr but still overlaps with it (Fig. 4D) . As the last MCBG progresses, the Calb-Kr and posterior Calb-knl domains continue to shift anteriorly, while the posterior margin of the anterior Calb-hb domain also moves towards the anterior, retracting by about 12% egg length between 5 h 30′ and 6 h 45′. The posterior domain of Calb-tll expression does not shift anteriorly, but rather shrinks, so that just prior to gastrulation, Calb-tll expression is detected only near the posterior pole of the embryo (Figs. 4G-I ). This leaves a region between Calb-tll and Calb-knl expression where none of the genes that we have examined are expressed.
The anterior expression domains of Calb-gt, Calb-knl and Calb-tll do not undergo obvious shifts, remaining in approximately the same relative and absolute positions within the blastoderm throughout the last MCBG (Fig. 4D-I ).
Even-skipped expression in relation to gap gene domains
In the Drosophila blastoderm, the pair-rule gene even-skipped (eve) is expressed in seven transverse stripes that will define the oddnumbered parasegments . The boundaries of these stripes are positioned by the local gradients of the gap gene expression domains, which repress stripe-specific enhancer elements of the eve gene.
In Clogmia, only six Calb-eve stripes have formed by the onset of gastrulation (Bullock et al., 2004; Rohr et al., 1999) . Using double ISH we analysed the relative positions of these Clogmia eve stripes in relation to the gap gene domains, to determine whether the relationship between Calb-eve and gap gene expression is similar to that in Drosophila (Figs. 5 and 6) .
Clogmia albipunctata has two eve paralogues, Calb-eve1 and Calbeve2 (Bullock et al., 2004) . Using double ISH we determined that during the last MCBG the expression pattern of these two paralogues is identical, or virtually so: both expression patterns resolve into six stripes simultaneously. Later in development, during germ band extension, the two genes are no longer entirely overlapping in their expression pattern (data not shown). We used a Calb-eve1 probe for our co-detection experiments with the gap genes.
Calb-eve expression can first be detected shortly before the last blastoderm mitosis as a broad posterior domain. Stripe resolution proceeds during the last mitotic cycle, until by 6 h 45′, six stripes are well resolved (Fig. 5) . Stripe 1 resolves first at 5 h 45′ AEA. The second stripe forms by 6 h AEA. Both of these stripes have sharp boundaries, Fig. 3 . Gap gene expression in Clogmia blastoderm embryos: from early expression to the end of cellularisation. Relevant time points for each gene. Colorimetric ISH. Embryos are oriented anterior to the left and dorsal up. Rows show progressively older embryos. A-C) Calb-hb. As blastoderm development progresses Calb-hb expression retracts anteriorly and clears from the lateral region, leaving only a lateral belt. Dorsal expression persists. D-F) Calb-Kr. At 5 h 30′ Calb-Kr is expressed in a broad posterior domain that extends from 40 to 18% AEA. Dorsal expression fades as the domain is pushed anteriorly and by 6 h 45′ dorsal expression has faded. G-I) Calb-knl can be detected as a terminal domain at 5 h AEA. The anterior domain becomes apparent shortly after the last mitosis before gastrulation (MBG) occurs and between 5 h 30′ and 6 h 45′ the anterior domain resolves forming a ventral expression region and a lateral belt. The posterior domain displaces towards the anterior. J-L) Calb-gt. After the last MBG has occurred a faint posterior domain becomes apparent from 30 to 15% EL (arrow in J). This domain is transient. It fades very rapidly and by 6 h 30′ is no longer detectable. M-O) Calb-tll expression initiates as a posterior terminal domain which contracts towards the pole as the last MCBG progresses. The anterior domain becomes apparent at about 6 h 15′ and by the end of cellularisation it has resolved in two triangular spots in the anterior pole. but stripe 2 is somewhat broader than stripe 1. Stripes 3, 4 and 5 resolve more or less simultaneously, by 6 h 15′-20 AEA; these stripes have more diffuse boundaries than stripes 1 and 2. Calb-eve stripe 6 begins to resolve by 6 h 30′ AEA. It is broader than the others, extending almost to the posterior tip of the egg, and its posterior boundary remains diffuse at the onset of gastrulation (Fig. 5) . From the middle of the last MCBG onwards, Calb-eve expression is excluded from the presumptive serosa (Figs. 5C, D, H and 6E, F) . This is about the same time that most gap genes are no longer expressed in the serosa.
The first two Calb-eve stripes resolve within the Calb-hb expressing region (Fig. 6B) . Calb-eve stripe 1 lies just posterior to the anterior Calb-knl domain (Fig. 6D) and overlaps with the second Calb-gt stripe (Fig. 6E) . Calb-eve stripe 2 lies anteriorly adjacent to the Calb-Kr domain, slightly overlapping with it (Fig. 6C) ; it appears to lie well posterior of the Calb-gt domain, unlike eve stripe 2 in Drosophila, which abuts gt. Calb-eve stripe 3 lies in the middle of the Calb-Kr domain, and stripe 4 lies just posterior to the Calb-Kr domain. Stripes 4 and 5 both lie within the posterior Calb-knl domain. Calb-eve stripe 6 lies posterior to the posterior domain of knl and anterior to the posterior domain of Calb-tll (Fig. 6F) , abutting each of these. It overlaps the posterior patch of Calb-hb expression, which is just appearing at the onset of gastrulation.
The relationships described above were defined largely on the basis of patterns observed in embryos at 6 h 30′ to 6 h 45′, shortly before the onset of gastrulation, when the Calb-eve pattern is well resolved (six stripes). It is our impression from stains of younger embryos that the resolving eve stripes shift anteriorly in register with the shifts in the gap domains noted above. Fig. 7A summarises these relationships, and compares them with published data for Drosophila. Each of the six Clogmia eve stripes is located more posteriorly in the blastoderm than the corresponding Drosophila stripe, reflecting an overall posterior displacement of the blastoderm fate map, which contains no space for Calb-eve stripe 7. More significantly, Calb-eve stripes 4 to 6 are also expressed in a more posterior position relative to the expression domains of the posterior gap genes. For example eve stripes 4 and 6 are symmetrically placed at either side of the kni domain in Drosophila, whereas in Clogmia, stripe 4 lies well within the Calb-knl domain, while stripe 6 lies posterior to it. We consider this further in the discussion.
Discussion
In this work we have documented the expression of Clogmia albipunctata gap genes during the blastoderm, cellularisation and the onset of gastrulation. Our data show both similarities and differences between Clogmia and Drosophila. Orthologues of the genes hb, Kr, kni and gt show the spatially restricted domains of blastoderm expression characteristic of gap genes, but Calb-hkb is not expressed at the blastoderm stage, and the posterior Calb-hb domain appears only at the onset of gastrulation. Further differences concern the detailed spatial relationships of gene expression, which have implications for the underlying gene networks, the dynamics of changing expression patterns as the blastoderm matures, and the relation between embryonic and extra-embryonic patterning. We consider these points in more detail below.
Extra-embryonic tissue down-regulates gap gene expression in the Clogmia blastoderm
Morphologically, the Clogmia blastoderm is formed in a similar way to that of Drosophila. However the allocation of the extra- embryonic tissue differs in the two species. Drosophila forms an amnioserosa, a single extra-embryonic membrane that is characteristic of the higher cyclorrhaphan flies. The amnioserosa forms from a relatively small dorsal primordium in the blastoderm, visible at late Cycle 14 as a zen-expressing area that extends from 60% to 20% EL (Rushlow et al., 1987) . The expression of gap and pair-rule segmentation genes extends across this primordium throughout blastoderm development. In Clogmia on the other hand, two well differentiated extra-embryonic membranes are formed, the serosa and the amnion (Rohr et al., 1999) . The area of the presumptive extraembryonic tissue is far greater at the blastoderm stage, as determined by Calb-zen expression, which extends from 25% egg length to the anterior tip of the egg (Fig. 2A) .
The gap and pair-rule genes that we have examined are downregulated in this zen-expressing region from early in the last MCBG (6 h AEA). Expression of zen and the repression of gap gene expression Fig. 5 . Progression of the Calb-eve expression pattern during the last MCBG. Double ISH of Calb-eve and Calb-hb. Calb-eve: purple; Calb-hb: red. Embryos are oriented anterior to the left; dorsal up. A) Before the last mitotic division has occurred Calb-hb and Calb-eve are expressed in broad but opposite domains which overlap in the mid region. B) Close to 5 h 30′ AEA the first Calb-eve stripe begins to resolve (arrow head). C) The second Calb-eve stripe is resolving at this stage (double arrow head); the first one has well defined margins (arrow head). The dorsal expression is cleared. D) Calb-hb expression begins to fade in the antero-lateral region to form a lateral band, Calb-eve stripes 1 and 2 are within this Calb-hb expressing region (arrow heads). E) Calb-eve stripes 3, 4 and 5 are resolved (arrow heads). The fifth is not completely separated from the posterior expression (double arrow head); stripes 1 and 2 have narrowed. F) (slightly ventral view) 6 Calb-eve stripes are now present. Stripes 1 and 2 remain overlapping with the lateral Calb-hb domain (anterior bars). G) 6 h 45′ AEA. The posterior margin of stripe 6 becomes less defined. H) 7 h AEA, at the onset of gastrulation. The posterior Calb-hb domain appears, the posterior boundary of Calb-eve stripe 6 becomes diffused and overlaps with Calb-hb (star). The Calb-eve stripes are located more anteriorly at this stage than in F, as is shown with the vertical reference bars.
in the serosa anlage of other flies have been reported (Goltsev et al., 2004; Lemke and Schmidt-Ott, 2009; Stauber et al., 2002) , suggesting that the specification and initial differentiation of the extraembryonic territory occurs relatively earlier in Clogmia and other dipterans than in Drosophila. The only exception to this is Calb-hb, which is persistently expressed overlapping with Calb-zen. In both of these respects, Clogmia resembles Tribolium, where in the blastoderm the zen-expressing region co-expresses hb, but expression of the other anterior gap genes, gt and knl, is excluded (Bucher and Klingler, 2004; Cerny et al., 2008; van der Zee et al., 2005; Wolff et al., 1998) . In many insects, hb is a marker for the serosa, a role that has been lost in Drosophila. We suggest that this role may be retained in Clogmia. The down-regulation of the gap genes in the extra-embryonic anlage may be the ancestral state that was lost in the highly derived amnioserosa of the higher flies such as Drosophila.
Gap gene expression is similar in the anterior of Drosophila and Clogmia embryos, but differs in the posterior
Once allowance is made for the extended extra-embryonic territory in Clogmia, the expression domains of the anterior gap genes look rather similar to those of Drosophila, while gap gene expression posterior to the central Kr domain differs more significantly between the two species ( Fig. 7 and Table S2 ).
One key difference is that, in Clogmia, the expression of Calb-gt is only transient in the posterior region, and at low level compared to expression in the anterior domain. No posterior Calb-gt expression could be detected at all in embryos shortly before the onset of gastrulation. Preliminary observations using an antibody raised against Clogmia Gt protein detect anterior but not posterior expression (Ken Siggins, personal communication), confirming that protein levels mirror RNA levels. In the early part of the last MCBG, the transient expression of Calb-gt overlaps completely with that of Calbknl, which extends far more posteriorly than it does in Drosophila.
In Drosophila, the posterior boundary of the central Kr domain is mainly determined by Gt-mediated repression (Kraut and Levine, 1991a,b) . The apparent lack of posterior Gt protein and the low mRNA levels suggest that this is not the case in Clogmia. Kni is also a repressor of Kr in Drosophila (Jäckle et al., 1992; Jaeger et al., 2004a; Wu et al., 1998) , and Calb-knl expression in Clogmia is appropriately placed to repress Calb-Kr. In the absence of posterior Calb-gt, Calb-knl may play a more important role in setting the posterior Calb-Kr boundary.
A second key difference is that posterior Calb-hb expression is first detected much later than in Drosophila, at a time when all other gap gene domains, and six even-skipped stripes, are already formed Fig. 6 . Calb-eve expression. Double ISH with gap genes and Calb-eve1. Calb-eve is shown in purple; ∼ 6 h 45′ AEA (shortly before gastrulation), embryos are oriented anterior to the left and dorsal up (B-D are slightly dorsal views). A) Only 6 Calb-eve stripes are present before gastrulation; the 6th stripe is broader than the others and its posterior margin is not sharp. Stripes 4 and 5 seem to fuse in the dorsal region. B) Calb-hb. Calb-eve stripes 1 and 2 overlap with the lateral Calb-hb domain. At this stage, posterior Calb-hb expression is not yet detectable. C) Calb-Kr. Calb-eve stripes 2 and 4 abut the central Calb-Kr domain and Calb-eve stripe 3 lies in the middle of it. D) Calb-knl (∼6 h 30′). Dorsal view. Calb-eve stripes 4 and 5 both overlap the posterior Calb-knl domain; Calb-eve stripes 3 and 6 abut the posterior Calb-knl domain (in Drosophila eve stripe 4 abuts the anterior boundary of kni domain, and only eve stripe 5 is completely covered by kni). E) Calb-gt. Calb-eve stripe 1 overlaps the most posterior Calb-gt stripe. Posterior Calb-gt is missing and no other gene has a broad overlap with Calb-eve stripe 6. F) Calb-tll. Posterior Calb-tll expression is weak (star) and localised posterior to Calb-eve stripe 6. (Figs. 5 and 6 ). Both of these differences imply that the regulatory interactions between gap genes in Clogmia cannot be identical to those in Drosophila.
The only other lower dipteran where gap gene expression has been analysed is the mosquito Anopheles gambiae (Goltsev et al., 2004) . We found it difficult to make precise comparisons between our Clogmia data and the reported Anopheles results, because the staging of the embryos in Goltsev et al. (2004) is somewhat ambiguous. However, gap gene expression in the anterior region of the Anopheles embryo also appears rather similar to that in Drosophila, as it does in Clogmia. The appearance of the posterior gt domain in Anopheles also seems to be delayed compared to that in Drosophila. Agam-gt expression seems to appear only after the onset of gastrulation (Goltsev et al., 2004) , as a terminal spot in the presumptive proctodeal region. Thus posterior Agam-gt is unlikely to have a role in positioning the expression of other segmentation genes in the Anopheles blastoderm.
Data on gt expression, and sometimes function, is available for several other insect orders. In the wasp Nasonia vitripennis (Hymenoptera), gt is expressed in the abdomen and is involved in abdominal segment specification, a role rather similar to that in Drosophila (Brent et al., 2007) . In Tribolium, on the other hand, although there is a posterior domain of gt expression, its role is quite different (Bucher and Klingler, 2004) . In this short germ insect, posterior gt appears only after gastrulation, and is required for the correct development of thoracic and first abdominal segments; its expression is largely overlapping with Kr, and anterior to the posterior hb domain (Bucher and Klingler, 2004; Wolff et al., 1995) . These data suggest that the expression of gt in the posterior germ band may be an ancient feature of insect development, but it may have acquired specific roles in the positioning of segment boundaries relatively late, and independently in different lineages. Clearly, functional data are needed from more species, including Clogmia.
In Anopheles, the expression of Agam-hb at the posterior of the embryo differs from that in both Drosophila and Clogmia. Around the time of gastrulation, Agam-hb is expressed in a relatively broad domain that extends from the posterior pole to a position clearly anterior to that of the restricted Agam-gt domain. Thus the positions of hb and gt in Anopheles are reversed with respect to those in Drosophila.
Integrating the data available for Drosophila and Anopheles with those presented in this work we conclude that two of the major Fig. 7 . A) Schematic drawing of the gap gene domains and eve stripe positions in Drosophila and Clogmia just prior to gastrulation. The gap gene domains are shown as bars that form a gradient, pink boxes represent eve stripes. a) Drosophila model: eve stripes are shown organised by enhancer: stripe 1, stripe 2, stripe 3/7, stripe 4/6 and stripe 5; with their respective major repressors (−|) responsible for setting up their boundaries. b) In Clogmia, Calb-eve stripes 1, 2 and 3 seem to be in a position similar to the corresponding Drosophila stripes, and could have similar regulation. Stripe 4 is located more inside the Calb-knl domain and seems to be closer to the Calb-knl gradient than the Calb-hb one; the specification of this boundary may or may not be conserved. The posterior repressor for eve stripe 5, gt, is not present in Clogmia at the relevant time, suggesting a different regulation of this boundary. Stripe 6 is broader than that of Drosophila and there is no Calb-hb when it first appears. However posterior Calb-hb appears at the same time as this stripe retracts from the pole and narrows, which suggests that Calb-hb could participate in boundary refinement. Calb-eve stripe 7 appears only after the onset of gastrulation. B) Cartoon of the gap gene shifts as the last MCBG progresses. Only posterior domains are shown (except for Calb-hb). Early: 5 h 30′ AEA; mid: 6 h AEA and late: ∼6 h 45′ AEA. The posterior domains of Calb-Kr and Calb-knl shift towards the anterior while posterior Calb-tll contracts towards the posterior pole. Posterior Calb-gt is not detectable by 6 h AEA. Between the posterior boundary of Calb-knl and the anterior boundary of Calb-tll there is no other gap gene expressed, a Calb-knl gradient (dotted lines) may overlap with Calb-tll expression and serve as the regulator for the Calb-eve posterior boundary of eve stripe 5 and the anterior boundary of stripe 6. Another possibility is that an extra, yet unidentified, gene may be participating in the positioning of these boundaries (see main text).
interactions that position posterior gap gene expression boundaries in Drosophila, the repression of kni by hb, and the repression of Kr by gt, are unlikely to play the same role in these lower dipterans.
The gap gene network is not entirely conserved: different posterior regulation of the pair-rule gene eve A key role of the gap genes is to position the boundaries of pairrule gene transcription. The full details of this process are still not understood, but at least for the pair-rule gene eve, the combinations of gap proteins that regulate each of the seven stripes are fairly well defined, as are the enhancer elements through which they act on the eve promoter. We therefore compared the relative positioning of gap domains and eve stripes in Clogmia, to assess whether the same regulatory interactions might be involved as in Drosophila.
In Drosophila, eve stripes 1, 2 and 5 each have a specific enhancer, whereas stripes 3/7 and 4/6 share common enhancers (Small et al., 1993) . Transcription is generally activated by broadly distributed factors, with stripe boundaries being positioned by repressors. Final sharpening of the boundaries involves autoregulation and crossregulation between pair-rule genes (Harding et al., 1989; Small et al., 1991) .
The establishment of stripe 1 margins is not well understood, but sloppy paired seems to be involved in repressing this stripe (Andrioli et al., 2002) . The regulation of eve stripe 2 is best understood: activation is provided by Bcd and Hb; the anterior border is set by Gt and the posterior by Kr (Harding et al., 1989; Reinitz and Sharp, 1995; Small et al., 1991; Stanojevic et al., 1991) . The stripe 3/7 enhancer is regulated by the gradients of Hb and Kni: the anterior border of stripe 3 and the posterior border of stripe 7 are set by Hb, whereas the posterior border of stripe 3 and the anterior of stripe 7 are positioned by Kni (Clyde et al., 2003; Reinitz and Sharp, 1995; Small et al., 1996) . The stripe 4/6 enhancer has been proposed to use the same gap repressors as the 3/7 enhancer, but with a different concentration sensitivity (Clyde et al., 2003; Fujioka et al., 1999) . Finally the boundaries of stripe 5 are set by Kr anteriorly and by Gt posteriorly (Fujioka et al., 1999; Reinitz and Sharp, 1995) . Fig. 7 compares the position of eve stripes with respect to gap gene domains in Clogmia and in Drosophila. The borders of eve stripes 1, 2 and 3 in Clogmia look to be in a similar position with respect to the gap genes as those of Drosophila, suggesting that similar regulation is possible, and perhaps likely.
For Calb-eve stripes 4, 5 and 6, we can say with some confidence that the regulation is likely to differ (Fig. 7A) . First, because these stripes are located more posteriorly, in relation to gap gene expression, than the corresponding stripes in Drosophila, and secondly, because two of the genes involved in positioning their boundaries in Drosophila, gt and hb, are not detectably expressed at the time when these stripes form. Furthermore, stripes 4 and 6 share a common enhancer in Drosophila, which is repressed by kni. In Clogmia, stripe 4 lies entirely within the Calb-knl domain, suggesting that Calb-knl is unlikely to define either boundary of this stripe.
Eve stripe 7, which in Drosophila shares an enhancer with stripe 3, is specified much later in Clogmia, after gastrulation. We cannot at present assess how it may be regulated. Goltsev et al. (2004) proposed that in Anopheles the posterior boundary of Agam-eve stripe 5 is determined by Agam-hb, whereas the posterior boundaries for stripes 6 and 7 are regulated by Agam-gt, the reverse of what happens in Drosophila. However it is not clear to us that the appearance of the posterior gt domain in Anopheles occurs before the formation of the sixth and seventh Agam-eve stripes, or even simultaneously.
We have no obvious candidate among the genes we have studied for the positioning of the posterior boundary of eve stripes 4 and 5 in Clogmia. For stripe 6, one possibility is that Calb-tll participates in boundary formation (as it might also for stripe 7, as Calb-tll expression retracts towards the posterior as development proceeds; see below).
It is also possible that other genes, not yet identified, are playing a role in patterning of the posterior abdomen (Fig. 7B) . One such candidate is mille-pattes (mlpt), which acts as a gap gene in Tribolium (Savard et al., 2006) . mlpt-like coding sequences are widely conserved in insects, but their role has not been studied outside Tribolium and Drosophila. In the fruit fly it has no gap gene role but participates in tarsal development (Galindo et al., 2007) . Whether mlpt is ancestrally associated with segment patterning, or was specifically co-opted in the Tribolium lineage, is not yet known. Another gene that may have a gap-like function is nubbin (nub), which is expressed in a gap-like abdominal domain in Drosophila that is similar to the posterior domain of gt (Lloyd and Sakonju, 1991) , and is involved in hox gene regulation in the abdomen of the milkweed bug Oncopeltus (Hrycaj et al., 2008) . In Drosophila, a second key role of the gap genes is to position Hox gene expression domains, and it is possible that this may have been their ancestral role in short germ insects.
Dynamic shifts of gap gene domains are common to Drosophila and Clogmia
In the posterior region of the Clogmia albipunctata embryo, the domains of gap gene expression change in both size and position as the blastoderm stage progresses. We have no evidence that these changes in gene expression depend on the movement of nuclei. At least in the later stages of blastoderm formation, when nuclei are at the egg surface, they can be observed in time-lapse movies of development (see Supplementary Movies). There is no co-ordinated movement of nuclei at the egg surface until the onset of gastrulation.
In some respects, these dynamic changes are similar to, but more pronounced than, those documented in the Drosophila blastoderm. In Clogmia, both borders of the central Calb-Kr and the posterior Calb-knl domain shift extensively towards the anterior over time (see Figs. 4 and 5). The positioning of posterior Calb-eve stripes also follows these shifts. In Drosophila, shifts in the anterior boundaries of Kr and kni are barely detectable, extending over 1-2 nuclei only (Jaeger et al., 2004b) . The posterior boundary of kni shifts more, comparable with what is seen in Clogmia. The posterior boundary of the anterior hb domain remains constant in Drosophila, but this too shifts anteriorly in Clogmia. The expression dynamics of tll are very similar between the two species: tll expression sharpens and retracts towards the posterior pole. It has been suggested that this effect could be caused by nuclear trapping of transduction factors involved in the tor signalling cascade (Coppey et al., 2008) . It has been proposed that the onset of posterior hb expression causes the overall shift in the gap domains (Jaeger et al., 2004b) . In contrast, our results show that this is clearly not the case in Clogmia, where the shifts occur well before the onset of posterior Calb-hb expression.
A recent analysis of the Drosophila gap gene system suggests a potential common regulatory mechanism for domain shifts in both species (Manu et al., 2009 ). This study suggests that domain shifts in Drosophila are caused by a cell-autonomous mechanism whereby nuclei in the posterior region of the embryo cycle through the expression of a succession of gap genes (first Kr, then kni, then gt, then hb). Under the influence of maternal factors, nuclei at different positions in the embryo enter this cycle at different starting points, such that posterior nuclei will skip expression of Kr, but will cycle through kni and gt to reach hb expression, while more anterior nuclei only cycle through Kr and kni (for instance) and never activate the more posterior gap genes. This cycling mechanism could explain shifting domains in Clogmia as well, if we assume that even posterior nuclei do not reach a state of expressing Calb-hb before gastrulation in this species. In other words, what has changed through evolution may not be the dynamical succession of gap gene expression, but rather the timing of cells entering the expression cycle. Mathematical models of Clogmia gap gene expression will be required to test this hypothesis.
The presence of gap domain shifts in both a nematoceran and a brachyceran species suggests that they may be a widespread feature of dipteran segment determination. However, the function (if any) of such shifts in patterning remains unclear: There is no immediately evident reason why a segmentation gene network without shifting domains would not be able to pre-pattern an embryo correctly.
Concluding remarks
Among the organisms currently used to study the evolution of development, the insects, and particularly the major holometabolous insect orders, are unique in the number of species potentially available for comparative study. Our work adds to growing evidence that within just one insect order, the Diptera, there are significant variations in the gene network that underlies segmentation.
Techniques for manipulating gene expression can now be applied to an increasing number of species, suggesting that it will be possible to obtain some mechanistic insight into these differences.
In the specific case studied here, we have a suggestion that the patterning of the anterior part of the insect body, the head and thorax, may be more conservative than the patterning of the abdomen, where there appear to be substantial changes in the roles of high-level regulators of segmentation.
